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Abstract 

Background, aim, and scope Cross-category weighting is 
one possible way to facilitate internal decision making 
when dealing with ambiguous impact assessment results, 
with simple additive weighting being a commonly used 
method. Yet, the question as to whether the methods 
applied today can, in fact, identity the most “environmen¬ 
tally friendly” alternative from a group perspective remains 
unanswered. The aim of this paper is to propose a new 
method for group decision making that ensures the effective 
identification of the most preferable alternative. 

Materials and methods Common approaches to deduce a 
single set of weighting factors for application in a group 
decision situation (e.g., arithmetic mean, consensus) are 
discussed based on simple mathematics, empirical data, and 
thought experiments. After proposing an extended defini¬ 
tion for “effectiveness” in group decision making, the paper 
recommends the use of social choice theory whose main 
focus is to identify the most preferable alternative based on 
individuals’ rankings of alternatives. The procedure is 
further supplemented by a Monte Carlo analysis to facilitate 
the assessment of the result’s robustness. 

Results The general feasibility of the method is demonstrated. 
It generates a complete ranking of alternatives, which does not 
contain cardinal single scores. In terms of effectiveness, the 
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mathematical structure of the procedure ensures the eligibility 
for compromise of the group decision proposal. The sensitiv¬ 
ity analysis supports the decision makers in understanding the 
robustness of the proposed group ranking. 

Discussion The method is based upon an extended defini¬ 
tion of effectiveness which acknowledges the eligibility for 
compromise as the core requirement in group decision 
contexts. It is shown that multi-attribute decision-making 
(MADM) methods in use in life cycle assessment (LCA) 
today do not necessarily meet this requirement because of 
their mathematical structure. Further research should focus 
on empirical proof that the generated group results are 
indeed more eligible for compromise than results generated 
by current methods that utilize an averaged group weight¬ 
ing set. This is closely related to the question considering 
under which mathematical constraints it is even possible to 
generate an essentially different result. 

Conclusions The paper describes a new multi-attribute 
group decision support system (MGDSS) for the identifi¬ 
cation of the most preferable altemative(s) for use in panel- 
based LCA studies. The main novelty is that it refrains from 
deducing a single set of weighting factors which is supposed 
to represent the panel as a whole. Instead, it applies voting 
rules that stem from social choice theory. Because of its 
mathematical structure, the procedure is deemed superior to 
common approaches in terms of its effectiveness. 
Recommendations and perspectives The described method 
may be recommended for use in internal, panel-based LCA 
studies. In addition, the basic approach of the method—the 
combination of MADM methods with social choice theory— 
can be recommended for use in all those situations where 
multi-attribute decisions are to be made in a group context. 
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Social choice theory • Voting • Weighting 


^3 Springer 





Int J Life Cycle Assess (2008) 13:456 467 


457 


1 Background, aim, and scope 

When applying life cycle assessment (LCA) to decision 
making in industrial eco-design, it is desirable to provide 
the respective decision makers with preferably unambigu¬ 
ous conclusions regarding the environmental superiority of 
certain alternatives over others (Goedkoop and Spriensma 
2000). However, LCA practitioners frequently face situa¬ 
tions where there is no single alternative which performs 
best in all of the considered impact categories. Cross¬ 
category weighting is one possible way to facilitate internal 
decision making while dealing with such “trade-offs” and is 
consistent with ISO requirements as long as the results of 
such comparative assertions are not disclosed to the public 
(International Organization for Standardization 2006). 
Several authors have pointed out that this approach bares 
close resemblance to multi-attribute decision making 
(MADM) (Benoit and Rousseaux 2003; Hertwich and 
Hammitt 2001; Lundie 1999; Mettier et al. 2006; Seppala 
et al. 2002). Simple additive weighting (SAW) is a less 
demanding and therefore a commonly used MADM method 
in LCA today (Bovea et al. 2007a, b; Finnveden et al. 2006; 
Finnveden et al. 2002; Garrido and Alvarez del Castillo 
2007; Goedkoop and Spriensma 2001; Giiereca et al. 2007; 
Kicherer et al. 2007; Lassaux et al. 2007; Lundie 1999; 
Perzon et al. 2007; Rex and Baumann 2007; Yusoff and 
Hansen 2007). In addition, panel methods have been 
recognized as being one of the most promising ways to 
elicit the required category weighting factors (Finnveden et 
al. 2002). At the same time, important business decisions 
regarding design alternatives, investments, etc. are likely to 
be made by groups rather than by a single decision maker 
(Geldennann 2006). Yet, little attention has been given to 
the fact that most multi-attribute decision making (MADM) 
methods originally have been developed to only support a 
single decision maker (Lundie 1999). So, the question as to 
whether these methods are indeed effective in identifying 
the most “environmentally friendly” alternative from a 
group perspective remains unanswered. Accordingly, 
Hertwich and Hammitt (2001) state that the effectiveness 
of decision support methods is “largely unexplored in 
LCA” and (Hofstetter 1996) points out that, although 
decision makers agree with the use of multi-attribute 
decision making methods, they frequently disagree with 
the outcomes. 


2 Life cycle assessment and group decision making 

Hwang and Lin (1987) offer a formal approach to group 
decision making under multiple criteria for the selection of 
alternatives. Accordingly, in the case of life cycle impact 


assessment based on impact categories, the evaluation of 
alternatives can be characterized as follows: 

• The employed criteria in the form of category in¬ 
dicator results are cardinal measures, e.g., 12 t of 
C0 2 -equivalents. 

• The scale transformation is perfonned via normalization 
to a reference system, e.g., as in Western Europe. 

• The final normalization to an interval [0; 1] is achieved 
by dividing all values by the maximum value. 

• All group members apply the same set of agreed 
criteria; and thus, the same set of impact categories. 

The solution to such a group decision problem can be 
fonnulated as a set of matrices, where m alternatives ( i= 1 ,..,m) 
are evaluated by p group members (k= 1,.., p) via n impact 
categories (J= 1,.., n ): 


r n 

.. r y 

■ ■ r Xn 


rn 

■■ r 2j 

■■ r 2n 

(i) 

ml 

• • Fmj 

1mn 



The evaluation process can then be summarized by a 
mapping function if) that leads to a group decision and can 
be obtained through ranking, rating, scoring, or voting 
(Hwang and Lin 1987): 

Y- {R k \k=l,..,p}^{G} (2) 

Another important characteristic of group decision 
processes is whether they possess a hierarchic or non- 
hierarchic structure (Vetschera 1991). A hierarchic structure 
means that individual processes and group processes take 
place one after the other, with initial evaluation on an 
individual level preceding the subsequent aggregation into 
a group result. This can be accepted as being the case for 
panel methods, as weight elicitation is usually an individual 
process that is performed without direct interaction between 
panel members (Lundie and Huppes 1999; Mettier et al. 
2006; Soares et al. 2005). Also, the hierarchic structure is 
predetermined by the temporal and/or spatial separation of 
the panel members in cases of elicitation via questionnaires. 

There are two basic group decision models of hierarchic 
systems (Vetschera 1991). In the first one, denoted (a) in 
Fig. 1, individual evaluations are in some way combined 
with the respective data base to arrive at a group result. No 
individual results are generated along the way. The other 
possible way of deducing a group result, denoted (b) in 
Fig. 1, is to first calculate individual results based on 
individual evaluations and to then aggregate these into a 
group result. 

Panel methods have been identified as one of the most 
promising approaches to support decision making in LCA 
and are widely preferred by the LCA community (Finnveden 
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Fig. 1 Group decision models 
of hierarchic systems (Vetschera 
1991) 



a 


b 


et al. 2002; Soares et al. 2005). The commonly used simple 
additive weighting (SAW) is a multi-attribute decision¬ 
making method that assigns a panel weighting factor vty to 
each impact category. Subsequently, it calculates one single 
score for each alternative by means of a weighted sum 
(Lundie 1999): 

Vi = i2 w J* r v ( 3 ) 

7=1 

Vi single score of alternative A,- 
wj weighting factor of impact category j with 
X>7= !(/'= !.-,«) 

r,y indicator result of alternative i in impact category j 

In practice, the respective panel-weighting factor wy is 
obtained by aggregating the elicited individual weights of 
each impact category either via compromise or mathemat¬ 
ical models (Soares et al. 2005). Therefore, the application 
of panel methods to LCA can be characterized as a 
hierarchic group decision-making process that corresponds 
to the group decision model depicted in part (a) of Fig. 1. 
Next, the appropriateness of this approach in terms of 
effectiveness will be discussed. 


3 Discussion of the effectiveness of common approaches 

3.1 Effectiveness in group decision making 

Before discussing the effectiveness of common approaches 
to decision making in panel methods, one will first have to 
define “effectiveness” in the given context. In the context of 
comparative LCA studies, the objective clearly is the 
identification of the most “environmentally friendly” 


product, process, or service. Because the term “environ¬ 
mentally friendly” is value laden itself (Steen 2006), the 
identification of the best alternative in the presence of trade¬ 
offs becomes a value choice. Lundie (1999) defines the most 
preferable alternative in LCA as the one that “causes the 
least environmental impact depending on the underlying 
value system. The most preferable alternative is the best 
possible representation of the decision-maker’s requirements. 
These requirements reflect the decision-maker’s objectives.” 
Note that this definition addresses a single decision maker, 
according to the scope of most MADM methods. In group 
situations though, the final result should be as eligible for 
compromise as possible (Geldermann 2006). The closer a 
decision-making procedure approaches a hypothetical con¬ 
sensus, where all panel members agree on the same 
alternative as being the most preferable, the more eligible 
for compromise the generated result is. The above definition 
of the most preferable alternative in LCA therefore needs to 
be extended to group decision making as follows: 

The most preferable alternative causes the least envi¬ 
ronmental impact depending on the underlying individual 
value systems. It poses a recommendation for compromise, 
which is the best possible representation of all decision 
makers ’ requirements. Such a compromise requires the 
approximation to an ideal consensus, where there is 
unanimity about the result. 

3.2 Aggregation by arithmetic mean 

As mentioned above, it is a common approach to deduce 
a group weighting set by calculating the arithmetic mean 
of all individual weighting factors per impact category 
(Mettier et al. 2006). Yet, it is also well-known that these 
individual weighting factors tend to differ considerably 
between individuals and to spread over large bandwidths, 
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which is due to the subjective nature of value choices 
(Lundie 1999; Lundie and Huppes 1999; Soares et al. 2005; 
Stahl 1999). While statistic measures generally help to better 
understand any survey’s results, their consideration in the 
subsequent weighting process is limited, as additive MADM 
models such as SAW require a single weight per impact 
category. Now, the main problem is that the arithmetic mean 
does not contain any information about spread or distribution 
(Lundie and Huppes 1999). Also, the arithmetic mean is 
calculated without taking into account the weights that the 
respective panel member assigned to other impact categories. 
This means that the arithmetic mean is blind to the 
individual’s preferences towards other impact categories, 
which is of high significance in the case of cross-category 
weighting. If effectiveness depends on eligibility for com¬ 
promise, the objective is to then meet the individual 
preferences of as many panel members as possible. It is 
therefore advisable to preserve and carefully regard the 
individual weights applied to each impact category. For this 
reason, and because of the general inability to consider 
spread and distribution, one should abstain from applying 
the arithmetic mean in group decision-making processes. 

3.3 Aggregation based on individual results 

One possible way to preserve each panel member’s 
preferences in the decision-making process is to calculate 
a single score for each alternative and each panel member 
before aggregating it into a group result. This corresponds 
to the procedure depicted in part (b) of Fig. 1. The 
intermediate result following Eqs. 1 and 3 is a matrix with 
p columns and m rows: 


'V n 

.. V\k .. 

Vip] 

V 2 i 

.. V 2k .. 

V2 P 

_ v ml 

.. V mk .. 

Vmp 


The task, therefore, is to deduce a group result based on 
individual single scores per alternative. This corresponds to 
the structure of multi-attribute group decision making as 
described by Geldermann (2006). Accordingly, because 
MADM methods such as SAW belong to the class of 
aggregation models, it is permitted to aggregate their results 
via the same or another MADM method. In the case of 
SAW, this means the (weighted) summation of all individ¬ 
ual single scores per alternative. Table 1 shows a fictitious 
example of three alternatives A, B, and C that are evaluated 
by a panel of six decision makers. Their individual single 
scores are summed up for each impact category to arrive at 
a group result B>A>C. No weights are applied during this 
last summation, as each panel member’s opinion is 
accepted as being equally significant to the group result. 


Table 1 Example of a conflict between group decision and eligibility 
for compromise 



A 

B 

C 

Rank order 

Person 1 

0.3 

0.5 

0.7 

A>B>C 

Person 2 

0.8 

0.5 

1.0 

B>A>C 

Person 3 

0.5 

0.3 

0.2 

C>B>A 

Person 4 

0.1 

0.3 

0.2 

A>C>B 

Person 5 

0.5 

0.1 

0.3 

B>C>A 

Person 6 

0.9 

1.0 

0.8 

C>A>B 

Panel (sum) 

3.1 

2.7 

3.2 

B>A>C 


The displayed values denote resulting single scores from SAW 
denotes the logical connection ‘preferred to’ 
would denote indifference between alternatives 


This approach also corresponds to welfare economics, 
where societal utility is assumed to be the sum of all 
individual utilities (Tangian 2000). Nevertheless, Table 1 
contains a conflict between group decision and eligibility 
for compromise. If the rank frequencies of the alternatives 
are taken into account, it becomes apparent that each 
alternative holds a first rank twice in the individual rankings, 
a second rank twice, and a third rank twice. This, in turn, 
means that four out of six panel members would have to 
disagree with the group result, which appoints alternative B 
to be the most preferable one. Under the condition that all 
panel members exhibit a rational behavior, which is one of 
the basic assumptions of decision-theoretic aggregation 
models (Hwang and Lin 1987), the panel should therefore 
reject B as being the most preferable alternative. This 
conflict is again a consequence of neglecting available rank 
information in the aggregation process, where two identical 
values may carry different meanings. The careful consider¬ 
ation of rank information appears to be crucial to the 
eligibility for compromise and cannot be disregarded. 

3.4 Aggregation by compromise 

To avoid the problems described so far, it would be helpful 
to first establish a compromise about a group weighting set 
before cross-category weighting is performed. There are 
basically two ways to do so in a panel process: through 
mediation or the Delphi method (Braunschweig et al. 
1996). Mediation means that a qualified mediator tries to 
establish a compromise in an open discussion. The Delphi 
method is a cyclical, questionnaire-based survey method, 
where experts are repeatedly asked to reconsider their 
evaluations based on the results of the previous evaluation. 
Both methods are apt to reduce both bandwidth and spread 
of the weighting factors. Yet, the larger the number of 
panelists, the more divers their background and the more 
numerous the impact categories, the less likely it becomes 
that a panel can agree on a single weighting set. This is 
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because of the heterogeneity of the panel member’s risk 
attitudes and information structures (Geldermann 2006). 
Although both the mediation and Delphi method could in 
theory be continued until a compromise is reached, the 
individual motives for consent remain undisclosed. There 
would be no formal proof that a so-enforced compromise 
weighting set optimally represents all panel members’ 
preferences. Especially in mediation, there are problems 
concerning group dynamics such as dominance of some 
panel members, peer pressure, or deficiencies of articulation 
(Geldermann 2006). In addition, Delphi methods suffer 
from an unfavorable decrease in participation from one 
round to the next. If eligibility for compromise is the main 
objective, one should therefore also refrain from applying 
compromise weighting sets in the decision-making process. 

Based on the definition given in Section 3.1, one can 
therefore conclude that the described common ways of 
aggregating individual preferences into a group perspective 
do not necessarily fulfill the requirements for an effective 
group decision making. This is the case either because they 
neglect available rank information or because they are 
based on rather intransparent processes, where the individ¬ 
ual degree of consent with a compromise weighting set 
remains undisclosed. 

4 Towards a new approach to group decision 
support in LCA 

4.1 Social choice theory 

It has been shown that common approaches to cross¬ 
category weighting do not inevitably integrate individual 
preferences in the decision-making process in an effective 
way. To ensure the acceptance of the group result by the 
majority of the panel members, it appears to be necessary to 
preserve each panel member’s preferences throughout the 
procedure, and to accurately regard the resulting rank 
information as well. Formally, one is looking for a mapping 
function ip (Eq. 2) that is capable of achieving this goal 
based on individual rankings of alternatives (Eq. 4). 

The identification of the most preferable “candidate” 
based on individual rank orders has been the main focus of 
social choice theory for the last two centuries (Tideman 
1987). It is concerned with the most democratic represen¬ 
tation of the people’s will in political elections. Social 
choice theory therefore appears especially capable of 
ensuring the eligibility for compromise. Social choice 
theory knows more than 25 different voting rules (Tideman 
1987; Vandercruyssen 1999), which can be subdivided into 
two main classes: weighted scoring rules and Condorcet 
voting rules. While weighted scoring rules assign a certain 
score to each rank in every individual ranking, Condorcet 


voting rules are based on pairwise comparisons and make 
use of the existing majorities to deduce a group result 
(Condorcet 1785; Gehrlein 1998). Subsequently, common 
voting rules are discussed concerning their appropriateness 
in the given context. 

4.2 Requirements and method selection 

Condorcet consistency The Marquis de Condorcet (1743— 
1794), one of the founders of social choice theory, 
demanded that if there is a candidate A that wins all 
pairwise comparison against his contestants, then this so- 
called “Condorcet winner” should be elected winner of the 
ballot (Condorcet 1785). A Condorcet-consistent voting 
rule will always select the Condorcet winner if one exists. 
This requirement appears to be both logical and fair 
because, if a voting rule for some reason elected another 
candidate, then, the Condorcet winner should prevail in a 
runoff election between these two (Green-Armytage 2004). 
This criterion therefore appears to be relevant in the given 
context. Although the aforementioned, weighted scoring 
rules (WSR) may select the Condorcet winner in some 
cases, they do not necessarily select them in all cases 
(Vandercruyssen 1999) and will therefore be excluded from 
further method selections. 

Consideration of cardinal information As displayed in 
Table 1 , there is cardinal information about distances between 
ranks in the form of single scores in LCA, which expresses the 
individual strength of preferences towards the alternatives. 
However, most Condorcet voting rules assume that the voter 
solely provides ordinal rankings. Green-Armytage (2004) 
proposed the only Condorcet-consistent voting rule that 
demands that the voters not only provide ordinal rankings of 
all candidates, but also assigns cardinal utility measures to 
each candidate. While this approach poses quite a challenge 
in real elections, it superbly matches the data at hand in 
LCA. The so-called “cardinal weighted pairwise compari¬ 
son” (short: cardinal pairwise) calculates the strength of 
defeat S per pairwise comparison of two alternatives, A, and 
Aj, by summing up the differences between the alternatives’ 
cardinal measures over all those individual rankings that 
form the majority opinion: 

p* 

S(A, y Aj) = ^ (V jt - V ik ) with/?* = {k\A, A Aj), 

k= 1 l 3 ' 

i fj and V ik < V jk 

For instance, if there are six people in a panel of ten that 
prefer A to B (A >- B). then, the differences between the 
cardinal measures of A and B are summed up over their 
respective six rankings. Subsequently, the pairwise state- 
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ments may be aggregated by use of any Condorcet voting 
rule. Green-Armytage (2004) recommends the methods of 
Schulze and the ranked pairs rule among others (Schulze 
2003, 2008; Tideman 1987; Zavist and Tideman 1989). 
These two are deemed the “most supportable” Condorcet- 
consistent voting rules available today (Johnson and 
Stahl 2006). 

Approximation to a hypothetical consensus For eight 
voting rules (WSR and Condorcet), Meskanen and Nurmi 
(2005, 2006) showed that they each try to approximate a 
hypothetical consensus as close as possible in their own way. 
This is in line with the definition of effectiveness of group 
decisions as proposed before. Only this kind of voting rules 
should therefore be considered for use in LCA. The method 
of Schulze and ranked pairs both fulfill this requirement. 

Complexity of algorithm The more sophisticated a proce¬ 
dure, the less transparent and trustworthy the outcome 
becomes from the decision makers’ point of view (Schuh 
2001). A fundamental requirement is that the decision 
makers have to be able to understand the basic operations 
performed by the respective group decision support system. 
Because its complexity is the main objection against the 
method of Schulze (Johnson and Stahl 2006), it will 
therefore be disregarded for use in LCA. 

Based on the described requirements and available state- 
of-the-art voting rules, a combination of cardinal weighted 
pairwise comparison and ranked pairs rule is selected. 
Subsequently, the basic procedure and necessary adaptions 
to the specific requirements of decision making in LCA will 
be explained. 

5 Method description and modification 

5.1 Cardinal pairwise and ranked pairs rule 

The cardinal weighted pairwise comparison calculates 
direction and strength for each pairwise defeat via Eq. 5. 
The ranked pairs rule then sorts all pairwise statements in 
descending order based on their strengths of defeat. The 
order in which the pairwise comparisons are taken into 
account is of relevance to the total outcome if and only if 
there is a logical inconsistency in the panel’s preference 
structure. For instance, if there is a majority for A>B, B>C, 
and C>A, then this constitutes a so-called “Condorcet para¬ 
dox” where A>B>C>A (Kurrild-Klitgaard 2001; Tideman 
1985). The ranked pairs rule avoids this conflict through the 
stepwise consideration of pairwise defeats in descending 
order of strength of defeat. Subsequent pairwise defeats that 
cause a logical conflict are neglected (Tideman 1987; 
Zavist and Tideman 1989). 


5.2 Method modification for use in LCA 

Although the utilization of existing voting rules seems 
appropriate to enhance the eligibility for compromise of a 
group result, the general scope of social choice theory is not 
fully compliant with that of LCA. The procedure therefore 
needs to be modified to the requirements of decision making 
in LCA. The implemented modifications are described below. 

Permissibility of indifference between alternatives When 
talking about social choice theory and political elections, in 
general, it is obvious that the goal is to appoint a single 
winner, e.g., the next president, mayor, chairman, or the 
like. In LCA, it is not reasonable to limit the process to a 
single winner. If there are two or more alternatives that 
appear to be equally preferable from the panel’s perspec¬ 
tive, then this should be reflected by the group result as 
well. It therefore becomes permissible to state not only that 
A>B or B>A, but also that A~B (indifference). This 
specification is closely connected to the question of the 
underlying majority. Conventional Condorcet voting rules 
demand a simple majority of >50% and disregard all panel 
members’ rankings that display indifference between the 
respective alternatives. If such indifference becomes per¬ 
missible for consideration in the group result, then the 
decision support system has to extend the pairwise 
comparisons to indifference statements as well. This, in 
turn, requires the employment of an absolute instead of a 
simple majority. Under absolute majority, all pairwise 
statements that are supported by more than 50% of the 
panel members will be accepted for consideration in the 
group result. If there is not any pairwise statement that is 
supported by more than 50% of the panel, then the 
statement (indifference) is processed. 

Strength of disagreement as sorting criterion If one accepts 
indifference statements for consideration in the group 
result, then there is the need for a modified sorting criterion, 
as Eq. 5 calculates the strength of defeat only in the 
direction of the defeat. For indifference statements, there is no 
such direction, hence S(A ~ B) =0. If one interprets the 
ranked pairs rule as a mean of maximizing the support within 
the panel, then one may also consider a sorting criterion that 
reversely tries to minimize the existing disagreement. We 
therefore propose a sorting criterion S (strength of disagree¬ 
ment) that calculates the sum of all differences between the 
single scores of the respective alternatives over all those 
rankings that do not support the majority opinion: 

p * 

S(A f y Aj) = ^ ( V ik ~ Vjk) with p* = {k\Aj y A,}, 

k=l ' ' 

i and V ik > V jk 
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For an indifference statement A,~Aj, the strength of 
disagreement S is then the sum of the support S for 
Ai>Aj and Aj>Aj. Therefore, S (A;~Aj) is calculated as 
follows: 


S(A, ~ Aj) = S(A >- Aj) + S(Aj y A,) 

= S(Aj y A,) + S(A, y A/) 
as 

S(A, y Aj) = S(Aj y A,) + S(A , ~ Aj) 

0 

= S(Aj y A,) 


(V 


( 8 ) 


The resulting procedure is divided into two parts. First, 
all pairwise comparison statements that are supported by an 
absolute majority are sorted in ascending order regarding 
the criterion S. For example, if the statement A>B receives 
an absolute majority while all other panel members are 
indifferent between these two, then S(A y B) = 0. If there 
would be unanimous support in the panel for the statement 
A~B, then S(A ~ B) would equal to zero as well. We 
therefore created a criterion that allows us to sort preference 
as well as indifference statements alike. 

Secondly, the procedure turns to all those statements that 
fall short of an absolute majority and are counted as 
indifference between alternatives. These are again sorted in 
ascending order by means of Eq. 7. The deduction of a 
group result then takes into account the majority statements 
first and the non-majority statements afterwards. This 
ensures that minority opinions with large differences 
between individual single scores cannot dominate the group 
result, which also enhances the eligibility for compromise. 

Qualified majority If eligibility for compromise is accepted 
as the core requirement of an effective group decision 
support system, it seems reasonable to base group evalua¬ 
tions about preference or indifference on a majority that is 
larger than the absolute majority of >50% of votes. For 
instance, if there are 8 people in a panel of 15 that support 
A>B, while seven support B>A, then A>B prevails with 
the smallest possible advance of one supporter. Vice versa, 
a change in mind of only one panel member may reverse 
the preference statement. The procedure is therefore 
expanded to a qualified majority that can be specified by 
the user. The default is set to a two thirds majority. Again, 
all pairwise comparisons that fall short of this majority are 
counted as indifference. This approach tightens the require¬ 
ments to be fulfilled for a preference statement and protects 
the group result from rank reversals because of minor 
changes through the installation of an indifference interval 
between A>B and By A. 


Sensitivity analysis Sensitivity analyses are an essential part 
of both LCA and decision support systems (Geldermann 
2006). A compromise is more likely to be accepted if the 
sensitivity of the proposed group result towards changes in 
the underlying data is communicated to the group members 
(Zhang 2004). The procedure is therefore supplemented by a 
Monte Carlo analysis that is capable of coupling LCIA 
results as well as individual weighting factors with uncer¬ 
tainty intervals. 


6 Application to a case study 

6.1 Selection of alternatives 

The developed algorithm was applied to an internal study 
of three automotive parts that has been conducted within 
the Volkswagen Group Research Department in 2001. They 
are made anonymous (alternative A, B, and C), because the 
main objective of this case study is to demonstrate the 
functionality of the proposed procedure. This case study is 
selected because it fulfills two conditions for which the 
method is deemed especially beneficial: the comparison of 
more than two alternatives and the existence of a distinct 
trade-off between impact categories. None of the alter¬ 
natives in the case study scores best in all impact categories 
(GWP100, AP, EP, and POCP) from cradle to grave. The 
selection of the most ‘environmentally friendly’ alternative 
therefore becomes a value choice (Finnveden et al. 2002; 
Schmidt and Sullivan 2002; Steen 2006). In addition, the 
simultaneous consideration of 12 numerical values (3 
alternatives times 4 impact categories) poses a significant 
challenge to most people, as this is beyond their cognitive 
limits (Miller 1967). The employment of a mathematical 
decision support system is therefore highly recommended. 

6.2 Elicitation of weighting factors 

For the case study, the weighting factors per impact 
category were elicited among the environmental experts 
working for the Volkswagen AG (Koffler 2007). All 
employees whose day-to-day business has a clear emphasis 
on environmental issues were considered to be environ¬ 
mental experts in the survey. This assumption holds for 
roughly 150 employees worldwide. They were each 
contacted via e-mail and asked to state their personal 
preferences regarding ten different impact categories in a 
global context based on the question “Which environmental 
problem should preferably be diminished by the Volkswa¬ 
gen Group in your personal opinion?” This was preceded 
by a short description of the impact categories to establish a 
common level of knowledge. Following Finnveden et al. 
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(2002), a ratio estimation technique was used in the 
questionnaire. The respondents were asked to assign ten 
points to the most important category and one to ten points 
to all others. The participation in the survey was 56%. 

Figure 2 shows the bandwidths and SDs of the survey 
for the four impact categories considered in the case study. 
The respective arithmetic means are displayed in brackets 
behind the impact categories’ names. It can be seen that the 
values for each impact category spread over large band- 
widths and show considerable SDs. This heterogeneity is 
because of the general subjectivity of value judgments and 
is a common characteristic of this type of surveys (Lundie 
and Huppes 1999; Soares et al. 2005). 

6.3 Identification of the most preferable alternative 

The developed algorithm was implemented in the form of a 
prototype software tool. To initiate the evaluation, the user 
has to provide a file containing the impact assessment results 
at hand and another file containing the respective weighting 
factors as elicited in the panel process. The general 
procedure then takes place in analogy to Fig. lb, deducing 
individual rank orders through SAW and then aggregating 
these by means of a voting rule as described in Section 5. 

For the data at hand, the tool generates the group ranking 
“ A>C>B\ Therefore, concept A is appointed the most 
preferable one from a group perspective based on the LC1A 
indicator results and the elicited weighting factors. This is 
somewhat surprising as alternative A displays the highest 
LCIA indicator results in all categories but POCP, where it 
outperforms its contestants by far. Apparently, this advan¬ 
tage cannot be offset by the disadvantages in the other 
categories from the panel’s point of view. 


bandwidths and standard deviations 

70% 



Fig. 2 Results of internal weight elicitation for application in case 
study 


6.4 Sensitivity analysis 

The algorithm is supplemented by a Monte Carlo analysis 
of the impact assessment results and the individual 
weighting factors to assess the robustness of the generated 
group result. Firstly, the user may specify a non-negative 
integer x, which is used to set up a uniformly distributed 
uncertainty interval (±x) to be applied to the elicited 
weighting factors. The application of this uncertainty 
interval to the utilized ten-point scale effectuates a 
reduction of the scale. For instance, if x= 1, then the ten- 
point scale is effectively reduced to a four-point scale 
because 1 may mean 1 or 2, 2 may mean 1, 2, or 3, and so 
on. Only the value 10 is not associated with any 
uncertainty, as the task within the elicitation process was 
to assign this value to the most important impact category 
first. Therefore, this judgment shall not be questioned in the 
sensitivity analysis. An uncertainty interval larger than ±1 
(default setting) is not considered useful in this context 
because it strongly diminishes the informational value of 
the weighting factors. 

Secondly, the user may define a step width through a 
non-negative rational number from the interval [0; 1], 
which is used to set up uniformly distributed uncertainty 
intervals around the impact assessment results. These run 
between ±0% and 100%. This approach seems especially 
helpful if there are not any estimates available about the 
“true” uncertainties involved. If there are estimates avail¬ 
able, then the tool also allows matching each normalized 
LCIA indicator result with a standard deviation. These may 
be obtained through prior Monte Carlo simulation within 
the respective LCA tool, though this was not done in the 
case study at hand. 

In each run, the algorithm draws a random number from 
the interval around the impact assessment result for each 
alternative and impact category. These values are then 
combined with likewise randomly generated individual 
weighting factors to obtain a group result. This is reiterated 
as many times as specified by the user (default: N= 10,000 
runs). Then, the uncertainty interval is increased by the 
defined step width, and the algorithm repeats the procedure. 
After the maximal uncertainty interval of ±100% has been 
reached, a file containing the relative frequencies of all 
group rankings that appeared for each evaluated uncertainty 
interval is issued. 

Figure 3 shows the results of a Monte Carlo analysis 
where the elicited weighting factors as well as the LCIA 
indicator results are subject to random selection from 
defined intervals as described above. The point of intersec¬ 
tion where alternative A and C switch ranks is reached at an 
LCIA uncertainty interval of ±40%. One has to bear in 
mind that this uncertainty interval is capable to even out 
differences of close to 60% between any two LCIA 
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Fig. 3 Resulting rank order 
frequencies within sensitivity 
analysis 



LCIA uncertainty interval (uniformly distributed) 


indicator results. This is a first hint at the original group 
ranking’s robustness. Subsequently, the two alternatives 
switch ranks three more times within all considered 
uncertainties, which shows the closeness of the decision 
between the two alternatives when larger uncertainties are 
taken into account. 

These results may be further discussed in two different 
ways. First, one may accept all LCIA uncertainty intervals 
between ±0% and 100% as being equally reasonable. This 
is the case when there is no information about the “true” 
uncertainties involved. Hence, one may also accept the 
cumulative frequency of each ranking as being decisive 
within the sensitivity analysis. For instance, the original 
group ranking “ A>C>B ” prevails in 39.2% of all 210,000 
runs that were calculated. The second most frequent 
ranking is “CVA>-B” with 19.3%. All other rankings 
prevail in less than 10% of all calculations. We therefore 


observe a substantial margin between first and second most 
frequent group rankings (Fig. 4). 

Another way of discussing the sensitivity analysis’ 
results is to only take into account those uncertainty 
intervals that are considered to be more meaningful than 
others. This may be based on expert judgments. For 
example, following (de Beaufort-Langeveld et al. 1997) 
differences between alternatives’ impact assessment results 
that are below a certain percentage should be considered as 
equal. For instance, a difference of 20% between two 
impact indicator results can be bridged if an uncertainty 
interval larger than ±11.1% is applied to these values. In 
turn, one may argue that all rank orders that are based on 
smaller uncertainty intervals are not meaningful to the 
overall result and can be disregarded. Also, one may wish 
to limit the allowable maximum uncertainty to a value less 
than ±100%. For example, if there are reasons to believe 


Fig. 4 Resulting cumulated 
rank order frequencies within 
sensitivity analysis 
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that differences of more than 50% between two impact 
assessment results should be preserved as being “different” 
throughout the calculation, then one should refrain from 
considering uncertainty intervals that are larger than 
±33.3% in the sensitivity analysis. 

Accordingly, if one only considers the sensitivity 
analysis results for uncertainty intervals between ±15% 
and 30% for the values at hand, then the original group 
ranking “ A>C>B ” prevails in 59.1% of all 40,000 runs, 
while the ranking “ C>A>B ” is rendered in 21.1% of these 
cases. Correspondingly, there are not any switches in rank 
order to be observed in Fig. 3 between these values. Hence, 
the consideration of only a defined section of all examined 
uncertainty intervals entails an even stronger margin in 
favor of the original ranking. The results also show that the 
maximum uncertainty interval of ±100% appears to be 
sufficient in this context. The larger the uncertainty 
intervals, the more numerous and less discriminate the 
resulting group rankings become. 

Based on the described analyses, two main conclusions 
can be drawn regarding the case study: 

• Alternative B is in any case the least environmentally 
friendly one from a group perspective. 

• Although alternative C prevails under the assumption of 
some uncertainty intervals, the results of the sensitivity 
analysis show that the ranking “ A>C>B ” is robust. 
Alternative A is therefore elected the most “environ¬ 
mentally friendly” one from a group perspective based 
on the values at hand. 


7 Method discussion 

7.1 Benefits of the proposed method 

The proposed method provides some notable benefits that 
shall be summarized in short. First of all, it preserves and 
carefully regards individual preferences throughout the 
decision-making process. Secondly, extreme positions of 
minorities cannot dominate the group result because the 
differences between individual single scores are only taken 
into account if the required majority is met. Thirdly, 
marginal differences between alternatives are less likely to 
affect the group result because pairwise comparisons that 
fall short of the qualified majority are processed as “equal”. 
Fourthly, the resulting rank order is less in need of 
interpretation as it does not contain cardinal measures such 
as conventional single scores that may display only 
marginal differences. Instead, it renders unambiguous 
preference statements such as “better” and “equal”. Lastly, 
the subsequent Monte Carlo simulation provides the 
respective decision makers with profound insight into the 


resulting group ranking’s sensitivity towards uncertainties. 
This kind of analysis can also be recommended for use in 
LCA studies that render a seemingly unambiguous result 
(e.g., dominance of one alternative) to test its robustness. 

7.2 Extension to other aspects and fields of application 

Just like any other multi-attribute decision-making 
(MADM) tool, the proposed method is not limited to the 
evaluation of life cycle impact assessment results. Relating 
to the “triple bottom line” of sustainability (Elkington 
2002), an integration of other aspects such as costs or social 
indicators seems indicated to facilitate a more holistic 
evaluation of different design options. The integration of 
these aspects is possible following the theory of simple 
additive weighting (Fishbum 1967; Hwang and Yoon 
1981). Also, a combination of the basic approach, the 
application of voting rules to decision making in group 
situations, with other MADM techniques such as MAUT/ 
MAVT, AHP, TOPS1S, PROMETHEE, or ELECTRE is 
generally possible. In essence, the proposed method poses a 
multi-attribute group decision support system (MGDSS) 
that may be recommended for use in any multi-attribute 
group decision context that is based on cardinal measures, 
e.g., in product development, marketing, policy making and 
the like. In addition, the basic approach of combining 
MADM methods with social choice theory also applies to 
multi-attribute decisions based on ordinal measures, taking 
into account rank information only. 

8 Summary and conclusions 

The paper describes a new multi-attribute group decision 
support system (MGDSS) for the identification of the most 
preferable altemative/s for use in panel-based LCA studies. 
The main novelty is that it refrains from deducing a single 
set of weighting factors which is supposed to represent the 
panel as a whole. Instead, it applies voting rules that stem 
from social choice theory. In terms of effectiveness, the 
mathematical structure of the procedure ensures the 
eligibility for compromise of the group decision proposal. 
It is therefore deemed superior to common approaches of 
group decision making in LCA because these do not 
necessarily fulfill this requirement. They disregard available 
rank information or employ rather intransparent methods of 
deducting a compromise group weighting set. 

According to its objective and procedure, the method is 
termed “clearLCA”, which stands for “consensus-led and 
environmentally appropriate recommendations”. It is sup¬ 
plemented by a Monte Carlo simulation that evaluates the 
robustness of the group result. The general feasibility of the 
method was demonstrated through its application to a case 
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study. The basic approach of the method—the combination 
of MADM methods with social choice theory—may further 
be recommended for use in all those situations where multi¬ 
attribute decisions are to be made in a group context. 

9 Recommendations and perspectives 

On the one hand, there should be empirical proof that the 
results generated by the proposed method are indeed more 
eligible for compromise than results generated by current 
methods. This, of course, is closely related to the question 
under which mathematical constraints is it even possible to 
generate an essentially different result. Future research 
should therefore focus on these issues. 

In addition, the described way of considering uncertain¬ 
ties through Monte Carlo simulation may be complemented 
by more sophisticated methods to analyze the resulting rank 
frequencies. For instance, the question remains how large 
the margin between first and second most frequent group 
ranking ought to be to state that the most frequent one is the 
one to be deemed appropriate. 
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